Nonhuman primates are increasingly being used as models for pre-clinical assessment of retrovirus vector expression and function following stem and progenitor cell transduction. We compared the relative susceptibility of CD34 + marrow progenitors from four nonhuman primate species and humans to transduction with amphotropic pseudotyped retrovirus vectors containing the Neo gene. The rate of functional gene transfer was measured by colony formation under G418 selection. Marrow progenitors from pigtail macaques (Macaca nemestrina) were transduced at about twice the rate (19.1 ± 4.3%) as those from rhesus (11.2 ± 3.7%) and cynomolgus (7.6 ± 1.9%) macaques, baboons (7.8 ± 1.8%), and humans (9.6 ± 1.7%). Semiquan-
Introduction
It has long been established that retrovirus vectors based on murine leukemia virus (MLV) are able to transduce reconstituting hematopoietic stem cells (HSC) efficiently in mice, 1 with provirus routinely observed in greater then 50% of peripheral mononuclear cells. [2] [3] [4] However, initial attempts at using MLV-based vectors for transduction of HSC in large animal models such as cats, 5 dogs, 6 swine, 7 several nonhuman primates models, 8 and in human clinical trials, 9 ,10 revealed much lower rates of gene transfer, with provirus frequently present in 1-2% or less of peripheral mononuclear cells. Although recent studies have reported improvements in the rates of gene transfer in nonhuman primate models, [11] [12] [13] [14] current rates still hamper the ability to assess accurately provirus levels, vector expression, or transgene function.
With the goal of exploring differences among nonhuman primate models for pre-clinical analysis of retrovirus vector expression and function, we compared the ability of CD34-enriched bone marrow progenitors from three species of macaques, baboons, and normal humans to be transduced with MLV-based reporter vectors prepared with amphotropic packaging lines. Although inde-titative RT/PCR analysis suggests this difference may be due to elevated expression of the amphotropic receptor Pit2 in pigtailed macaque CD34 + cells. Further, transduction rates increased an average 1.6 ± 0.4-fold when the culture temperature was lowered to 33°C, and 2.1 ± 0.3-fold when the culture dishes were coated with the fibronectin fragment CH-296. The data presented here point to important differences among nonhuman primate models as well as transduction culture conditions, and suggest that pigtailed macaques may be particularly useful for assessing expression and function of therapeutic retrovirus vectors. Gene Therapy (2000) 7, 359-367. pendent studies have been reported for the transduction of marrow cell populations from rhesus macaques (M. mulatta), 8, 13, 14 baboons (P.c. anubis or P.c. cynocephalus), 11, 12 and to a lesser degree cynomolgus macaques (M. fascicularis), 15 these studies used widely diverse transduction and transplantation protocols, making direct comparisons of transduction rates difficult. Further, a review of the literature revealed no previous bone marrow transduction studies with pigtailed macaques (M. nemestrina), although this species has been used extensively in other fields of biomedical research. [16] [17] [18] [19] We found that CD34-enriched marrow progenitors from pigtailed macaques were transduced at about twice the rate as progenitors from the other three species of nonhuman primates and humans using standard culture conditions. Semiquantitative RT/PCR suggests this difference may be due to differences in expression of the amphotropic receptor Pit2 (previously known as Ram1), [20] [21] [22] providing further evidence for the role of receptor expression in the relative susceptibility to retrovirus vector transduction. In order to optimize progenitor transduction rates, we also tested several critical parameters effecting the transduction efficiency of CD34-enriched marrow progenitors from this and other species, including the temperature and days of culture, the use of cytokines, and the use of dishes coated with the fibronectin fragment CH-296.
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Results
Comparison of progenitor transduction rates for different species In order to compare the relative susceptibility of bone marrow progenitors from widely used nonhuman primates models and humans to transduction with retrovirus vectors, marrow samples were enriched for CD34 + cells and transduced with the MLV-based Neo vector LN, 25 prepared in the amphotropic packaging line PA317. 26 This transduction protocol entailed culturing the CD34
+ cells for two rounds of 20-24 h at 33°C, 7 in virus supernatant supplemented with the transductionenhancing cytokines interleukin-3 (IL-3), interleukin-6 (IL-6), and stem cell factor (SCF). 27 Virus supernatant had titers typically ranging from 3 to 5 × 10 6 colony-forming units per milliliter. The frequency of productive transduction was then assessed by plating for myeloid (granulocyte/macrophage) progenitor colony formation in the absence and presence of a selecting amount of the neomycin drug analog G418.
Marrow samples were enriched for CD34 + cells by immunomagnetic separation using the cross-reactive monoclonal antibody (mAb) 12-8. 28 Subsequent analysis of separated samples indicated high levels of enrichment for all species. For example, separated marrow samples from pigtailed macaques contained an average of 72.8% CD34 + cells with a standard deviation of ±17.6% (n = 12). This was statistically indistinguishable from the 61.0 ± 20.8% purity of CD34 + cells achieved with marrow samples (n = 4) from normal human donors (P = 0.28). As seen in Figure 1 , the CD34
+ enriched cell population from pigtailed macaque marrow had medium forward light scatter and minimal side light scatter properties, consistent with a medium-sized, agranular population of cells similar to that reported for humans. 29 As seen in Figure 2 , the results of the progenitor transduction studies were striking. Overall there were no statistical differences between the transduction rates for humans (9.6 ± 1.7%), baboons (7.8 ± 1.8%), cynomolgus macaques (7.6 ± 1.9%), or rhesus macaques (11.2 ± 3.7%). In contrast, the progenitor transduction rate for pigtailed macaques was 19.1 ± 4.3%, or about twice the rate of all other species tested. Although mock-transduced samples were plated in parallel in all cases to ensure complete G418 selection, we sought to confirm the higher transduction rate for the pigtailed macaque samples by PCR analysis of progenitor colonies ( Figure 3 ). As expected, six out of six colonies grown under G418 selection contained vector provirus. Likewise, four out of six pools of three colonies each grown in the absence of G418 selection also contained provirus. This latter frequency suggests a provirus transduction rate of 31% (range: 22-66%) based on the maximum likelihood calculations presented in the legend of Figure 3 .
Comparison of Pit2 expression levels
Recent studies report a strong correlation between the rate of transduction with retrovirus vectors prepared in amphotropic packaging lines and expression levels of the amphotropic receptor Pit2 in the target cell population. [20] [21] [22] In order to determine whether the elevated progenitor transductions rates observed here for pigtailed macaques correlated with elevated Pit2 expression, CD34-enriched marrow cells were analyzed by semiquantitative RT/PCR. For this purpose we used a set of primers for a highly conserved region of Pit2, 30 and as a control, another set of primers for a highly conserved housekeeping gene, ␤-actin. 31 Samples were amplified over a linear range of cycles (25-40 for Pit2, 20-35 for ␤-actin), and the relative levels of the amplified products were determined by EtBr staining and digital imaging. As seen in Figure 4 , signals for Pit2 and actin were readily amplified from all four species of nonhuman primates and human samples, suggesting the primers cross-react well under these conditions. In the case of the sample from the pigtailed macaque, there was a more intense signal observed for the Pit2 product than for the actin product at both of the intermediate cycle numbers (30/25 and 35/30 ). In contrast, the signal for the Pit2 product was lower than the signal for the actin product in almost all of the intermediate cycle samples from the other four species. These results suggest that there was a higher level of transcripts for Pit2 in the CD34 cells from pigtailed macaques than in the CD34 cells from the human or other nonhuman primate samples, although these differences are at best only moderate.
Effect of culture temperature on transduction rates
We initially chose to carry out the CD34 transduction cultures at 33°C rather than the typical 37°C based on previous studies in another large animal model, 7 because of the greatly extended half-life of the packaged virus at this cooler temperature, 32 and the demonstrated ability of HSC from several species, 33, 34, 35 including humans, 36 to survive well at 33°C. In order to determine whether this lower temperature truly offered an advantage, we directly compared the effect of temperature on the CD34 progenitor transduction rates for humans and the four nonhuman primates species under investigation. As seen in Table 1 , the transduction rates averaged 1.6-fold higher Gene Therapy (3), n = the total number of pools (6) , and r = the number of PCR+ pools (4) .
at 33°C than at 37°C for all species tested (P = 0.005). This was true for pigtailed macaques (1.58-fold and 1.22-fold), rhesus macaques (1.58-fold), cynomolgus macaques (2.33-fold), baboons (1.42-fold and 1.37-fold), and humans (1.75-fold). In light of the fact that the comparison was only performed once or twice per species, and that some dishes plated under G418 selection contained relatively few colonies, caution should be taken when comparing the results between species. Nevertheless, the trend toward increased transduction rates at 33°C compared with 37°C was consistent in all of the experiments reported in Table 1 .
Effect of culture additives on transduction rates
In order to determine whether we could further increase the rate of transduction of pigtailed macaque CD34 progenitors, we tested several early acting cytokines reported to effect HSC cycling and/or transduction rates in other species, including Flt3 ligand (Flt3-L), 12,37 thrombopoietin (Tpo), 12 and interleukin-11 (IL-11). 38 In addition, we tried using culture vessels coated with the transduction-enhancing fibronectin fragment CH-296. 12, 23, 39 As seen in Figure 5 , combining Flt3-L alone or in combination with Tpo to the standard combination of IL-3 + IL-6 + SCF increased transduction rates 26% and 38% over the standard conditions alone (P р 0.001 each), while addition of IL-11 to the standard cytokine combination had no statistically significant effect. Combining IL-3 alone with Flt3-L, Tpo, or IL-11 resulted in transduction rates statistically lower than that achieved with the standard cytokine combination, as did the combinations of SCF + Flt3-L and SCF + Flt3-L + IL-11. The combination of SCF + Flt3-L + Tpo resulted in transduction rates statistically indistinguishable from the standard combination. Consistent with previous reports for marrow from mice, 24 humans, 23, 24, 39 and baboons, 12 we observed more than a doubling in the transduction rates when we carried out transductions with the standard cytokine combination in plastic dishes coated with CH-296, with an average of 51.5 ± 2.0% G418-resistant colonies observed under these conditions in five separate experiments (compared with 24.7 ± 3.8% for control transductions carried out on untreated tissue culture plastic).
Information provided by the manufacturer suggested that use of CH-296-coated dishes alleviated the need for inclusion of cations such as protamine sulfate to achieve maximal transduction rates. In order to test whether this was the case for pigtailed macaque CD34 progenitors, we set up parallel transduction cultures in the presence and absence of either CH-296 coating or protamine sulfate under otherwise standard conditions. As reported in Table 2 we found that protamine sulfate was absolutely required for efficient transduction, regardless of the presence or absence of CH-296 coating. In cultures on normal tissue culture dishes, transduction rates were 16.0% versus 2.2% in the presence and absence of protamine sulfate, respectively. In cultures on CH-296-coated dishes, transduction rates were 31.4% and 3.4% in the presence and absence of protamine sulfate, respectively.
Figure 4 Analysis of Pit2 expression. Following CD34 separation, RNA was prepared and analyzed by RT/PCR for expression of Pit2 and, as a control, ␤-actin (methods described in Materials and methods). Samples were amplified for the indicated number of cycles, separated on an agarose gel, and stained with EtBr (left and center panels). The amount of amplified product in each lane was quantified by digital imaging, and reported as a percentage of the maximal signal observed for each sample (right panels).
Effect of culture length on transduction rates As a final transduction culture parameter, we investigated whether pigtailed macaque CD34 progenitor transduction rates could be improved by increasing the number of days the cells were exposed to virus. As indicated in Figure 6 , we tested 2, 3 and 4 days of virus exposure with fresh supernatant and cytokines added approximately every 24 h. We observed no increase in the frequency of transduced progenitors after two rounds of 24 h virus exposure, regardless of culture additives. This included cultures supplemented with the standard cytokine combination IL-3 + IL-6 + SCF alone or in combination with either the early acting cytokines Flt3-L and Tpo or CH-296-coated dishes, as well as cultures supplemented with SCF + Flt3-L alone or in combination with IL-11. Thus, these data suggest the use of a minimal 2 × 24 h transduction course. 
Discussion
Because recombinant vectors based on retroviruses integrate into the host genome, they are passed on to the progeny of the transduced cell, making them ideal for HSC-based gene therapies. In order to provide therapeutic benefit, however, vector provirus must be expressed at appropriate levels and, in many cases, in appropriate tissues. The ability to study the expression of therapeutic vectors in vivo has been limited by the availability of appropriate large animal models. Inherent differences between rodents and humans limit the applicability of mice as a model system for evaluating therapeutic vector expression and function. In larger animals, the increased demand for blood cell production effects several elements of HSC and progenitor dynamics, 40 which in turn places potentially new burdens on vector provirus expression. Further, proper expression of candidate vectors frequently depends on regulatory elements which may potentially function poorly or aberrantly in widely disparate species. Although there are mouse models for several diseases, physiologic differences also limit there utility. For example, intervening therapies for HIV infection can only be assessed in species susceptible to infection with HIV or related viruses such as simian immunodeficiency virus (SIV). [16] [17] [18] 41 Several large animal models have been used for the study of bone marrow transduction with retrovirus vectors. Models involving the use of beagles, 6, 42 and swine, 7 offer the advantages of large size, ease of handling, and efficient breeding. However, the lack of critical reagents and the phylogenic distance of these species from humans also limit their application for pre-clinical studGene Therapy Figure 5. ies. In the case of nonhuman primates, two model species have predominated. As reviewed, 8 initial studies focused exclusively on the use of rhesus macaques. More recently, studies have been conducted using baboons, 11, 12 and, at least in one instance, cynomolgus macaques. 15 These nonhuman primate models have the advantage of size, close phylogenic relationships to humans, and the availability of cross-reactive cytokines and mAb to various hematopoietic lineages. 41 However, the rates of gene transfer into repopulating HSC for the beagle, swine, and established nonhuman primate models have been historically low, with provirus levels in the peripheral blood cells rarely exceeding 1-2% in vivo. Advances in packaging lines and means of inducing HSC cycling by in vitro or in vivo use of recombinant cytokines have increased these gene transfer rates nearly 10-fold, 14 ,12 but provirus levels of 5-10% still make assessment of vector expression by precise classical methods, such as Southern, Northern, and protein analysis, difficult. These low levels also potentially limit the ability to test vector function.
Figure 5 Effect of culture additives on transduction of pigtailed macaque progenitors. Transduction cultures were carried out in parallel using
Figure 6 Effect of culture length on transduction of pigtailed macaque progenitors. Transductions were carried out using CD34-enriched marrow from pigtailed macaques and culture at 33°C for either two, three or four rounds of 20-24 h each in supernatant for the retrovirus vector LN prepared in the amphotropic packaging line AM12. The cultures were supplemented with protamine sulfate and the indicated cytokine combinations in normal tissue culture dishes or dishes coated with the fibronectin fragment CH-296. The frequencies of transduced progenitors were determined by colony formation under G418 selection, and are reported as a percentage of the rate achieved following two rounds of culture in virus supernatant supplemented with the standard cytokine combination (IL-3 + IL-6 + SCF). Data are the average (±s.d.) for either two or three independent experiments plated in triplicate. The average number of colonies per dish was similar to that reported in
In order to determine whether one nonhuman primate species may be inherently more susceptible then others to bone marrow transduction with retrovirus vectors, and potentially to uncover the mechanisms of these differences, we compared the transduction rate of bone marrow progenitors from the commonly used species (rhesus macaques and baboons), cynomolgus macaques, and, as a control, humans. We also included in this comparison marrow from pigtailed macaques. We did this based on the use of this species in a wide array of biomedical research, including the study of HIV, [16] [17] [18] and methods of inducing HSC mobilization. 19 This comparison was carried out using widely employed transduction conditions, including the enrichment of marrow for CD34 + cells, the use of amphotropic pseudotyped MLV reporter vectors, and culture in virus supernatant supplemented with a combination of cytokines (IL-3, IL-6 and SCF) found to enhance efficient transduction of primitive hematopoietic elements in mice and humans. 3, 27 Marrow was enriched for CD34
+ cells in order to minimize the culture volumes and to remove cells which may secrete inhibitory cytokines such as TGF-␤. 43 As expected, we found that marrow from all species tested could be enriched for CD34 + cells to roughly the same degree with the cross-reactive mAb 12-8, 28 and that CD34 + progenitors from these species were susceptible to transduction with the amphotropic pseudotyped retrovirus reporter vectors.
The efficiency of gene transfer was also assessed by a widely used functional assay: progenitor colony formation under drug selection. Although this method provides easily quantifiable data, a positive signal requires both provirus integration and expression, leading to a systematic underestimation of the true rate of gene transfer. Further, this assay only monitors gene transfer rates in myeloid progenitors, which may have little relevance for the gene transfer rates potentially achieved in more primitive hematopoietic elements. Nevertheless, we feel that the data presented here demonstrate a significant difference in the inherent susceptibility of marrow from pigtailed macaques compared with other species of macaques, baboons, and humans to transduction with amphotropic pseudotyped retrovirus vectors. As seen in Figure 2 , we found that CD34 marrow progenitors from pigtailed macaques were transduced with about twice the efficiency as those from the other species. The analysis of progenitors by PCR served to independently confirm these results.
Recent studies in several species, including humans, report a strong correlation between the susceptibility to transduction with amphotropic pseudotyped retrovirus vectors and expression of Pit2, the amphotropic receptor. 11, 21, 22 Our observed correlation between elevated progenitor transduction rates and elevated Pit2 expression in CD34-enriched marrow cells from pigtailed macaques are consistent with these studies. Whether marrow progenitors from pigtailed macaque are more susceptible to transduction with other MLV pseudotypes, such as GaLV, 11, 44 is not clear. Once it was determined that bone marrow progenitors from pigtailed macaques have an inherently higher susceptibility to retrovirus vector-mediated transduction, we next investigated several parameters of the transduction cultures in order to optimize further the transduction rate in this large animal model. Comparisons of the transduction rates at 33°C versus 37°C were striking not only for pigtailed macaques, but for all of the species tested, including humans. This result is perhaps not surprising given the increased half-life of retrovirus particles at only slightly cooler temperatures. 32 The fact that 33°C is widely used as a temperature for long-term bone marrow cultures in a variety of species further suggests that carry-ing out transduction cultures at this temperature may actually enhance the survival of HSC. [33] [34] [35] [36] Finally, studies in swine 7 and dogs 45 indicate that it is at least possible to transduce long-term engrafting HSC at 33°C.
We found that addition of the early-acting cytokines Flt3-L and Tpo to the standard combination of IL-3 + IL-6 + SCF did statistically increase the rate of gene transfer in progenitors from pigtailed macaques, but that this increase was at best only a modest 38%. All of the other cytokine combinations tested either had no effect, or actually resulted in a decreased rate of transduction compared with the standard combination. Because some of the cytokines tested, such as SCF, Flt3-L and Tpo are thought to function predominately at the level of very primitive progenitors or HSC, it is possible that their effect would only be seen with more time in culture.
The most striking result from the analysis of transduction culture parameters was observed when the culture dishes were coated with the fibronectin fragment CH-296. Consistent with studies using marrow from mice, 24 humans, 23, 24, 39 and baboons, 12 our results demonstrate that coating culture vessels with CH-296 approximately doubles the rate of transduction for progenitors from pigtailed macaques. Because we only assessed the effect of CH-296 at 33°C, it is not clear whether the advantage gained by using CH-296-coated dishes would also be observed at 37°C. Assuming that the effects of temperature and CH-296 coating are additive, we calculate (based on the data for pigtailed macaques in Table 1 and Figure 5 ) that these two parameters could increase progenitor transduction rates 2.7-fold compared with more conventional transduction cultures at 37°C on normal tissue culture plastic. Studies in baboons suggest that the increased level of transduction in progenitors reported here using CH-296-coated dishes would most likely translate into higher transduction rates for reconstituting HSC.
12 Our data further support the need for cations such as protamine sulfate to achieve maximal rates of gene transfer, at least for pigtailed macaques, regardless of whether CH-296 coated dishes are used or not.
The final transduction culture parameter we investigated was the number of rounds and time the cells were exposed to virus supernatant. We found that transduction rates did not increase after the initial two rounds of 20-24 h culture in virus supernatant, regardless of the combination of cytokines tested or the use of CH-296-coated dishes. Although there is a steady increase in the total number of cells in these cultures (data not shown), it is possible that the rate of cell division, especially at the level of progenitors, declines over time at this temperature. As cell division is required for provirus integration, 46 such a decline would have a strong effect on transduction rates. Because HSC from such disparate species as mice, 33 and dogs, 45 appear to continue cycling during culture at 33°C, it is possible that the rate of transduction in this more primitive population may continue to increase with the time in culture. It is also possible that this represents a species-specific property, although similar results have been observed for swine (DW Emery, unpublished results).
In summary, the results presented here demonstrate that progenitors from pigtailed macaques are at least twice as susceptible to transduction with amphotropic pseudotyped retrovirus vectors as those from other nonhuman primate species tested. Further, these results sugGene Therapy gest that the rate of gene transfer can be significantly increased by carrying out transduction cultures at 33°C on CH-296-coated dishes. This species is especially attractive as a nonhuman primate model due to its wide use in several areas of biomedical research, including HIV infection, [16] [17] [18] and the similarity of its HSC mobilization characteristics to those of other commonly used nonhuman primate species and humans. 19 There are several critical reagents available for this species, including cross-reactive cytokines, antibodies for a wide array of lymphohematopoietic lineages, 41 and a mAb for separating CD34 cells. Future studies will be required to determine whether the elevated rates of transduction observed here for pigtailed macaque progenitors translates into higher rates of gene transfer into repopulating HSC.
Materials and methods
Preparation of marrow CD34
+ cells Intact femurs from nonhuman primates were acquired through the tissue distribution program of the Regional Primate Center at the University of Washington. Marrow cells were flushed from femurs in D8 media (Dulbecco's modified Eagle's medium (DMEM; Gibco BRL, Grand Island, NY, USA) supplemented with 8% heat-inactivated characterized fetal bovine serum (FBS; Gibco BRL), 2 mm l-glutamine (Gibco BRL), 1 mm sodium pyruvate (Gibco BRL), 0.1 mm non-essential amino acids (Gibco BRL), and antibiotics (Pen/Strep; Gibco BRL)) containing 5 g/ml DNase (Sigma Chemical, St Louis, MO, USA). Bone fragments were removed by passing over nylon mesh, and the resulting single cell suspension was depleted of contaminating erythrocytes by hypotonic shock. Human marrow was isolated by needle aspiration from normal donors as part of an IRB-approved protocol and also depleted of contaminating erythrocytes by hypotonic shock. Marrow preparations were enriched for CD34 + cells by immunomagnetic separation (Miltenyi Biotec, Auburn, CA, USA) using mAb 12-8, 28 and anti-IgM-conjugated beads. Purity was assessed by immunofluorescent staining of cytospins or flow cytometric analysis on a FACScan (Becton Dickinson, San Jose, CA, USA) using PE-conjugate mAb 12-8.
Retrovirus vectors
Transductions were carried out using the MLV vector LN, 25 prepared in the amphotropic packaging line PA317, 26 or the MLV vector N2, 47 prepared in the amphotropic packaging line AM12 (a gift from KA Moore, Princeton University, Princeton, NJ, USA). 48, 49 These vectors express the neomycin phosphotransferase (Neo) gene from the viral 5′ LTR promoter. Vector-containing supernatant stocks were prepared by 24 h incubation of semiconfluent cultures in D8 medium, passed through 0.44 m low protein-binding filters (Millex-HV, Millipore, Bedford, MA, USA), and stored in aliquots at −70°C. Virus preparations from both producer clones had titers ranging from 2 to 5 × 10 6 colony-forming units per milliliter based on end-point titration of G418 resistance on NIH3T3 cells as previously described, 50 and were free of replication-competent virus based on a standard marker-rescue assay. 25 
Transduction conditions
Under typical conditions, 5 × 10 4 CD34-enriched marrow cells were suspended per milliliter of virus supernatant supplemented with 4 g/ml protamine sulfate (Sigma), 50 ng/ml recombinant human SCF (a gift from Amgen, Thousand Oaks, CA, USA), 100 ng/ml recombinant human IL-6 (a gift from Sandoz Pharmaceuticals, Hanover, NJ, USA), and 5% v/v conditioned medium from BHKIL-3 cells (a gift from K Kaushansky, University of Washington, Seattle, WA, USA) 51 containing gibbon IL-3. Cultures were incubated in tissue culture-treated multiwell dishes at 33°C, 5% CO 2 . After 20-24 h, cells were pelleted at 250 g, resuspended in fresh virus supernatant plus supplements, and return to the incubator. After an additional 20-24 h, cells were collected with cell lifters and pelleted, washed in cold Hank's buffered saline solution (Gibco BRL) and resuspended for progenitor colony assays. Additional cytokines tested included: 100 ng/ml recombinant human Flt3-L (a gift from Immunex, Seattle, WA, USA); 100 ng/ml human recombinant Tpo (a gift from K Kaushansky); and 250 ng/ml recombinant human IL-11 (a gift from Genetics Institute, Cambridge, MA, USA). In some cases, plates were coated with the fibronectin fragment CH-296 at 2.5 g/cm 2 (a gift from Takara Shuzo Co., Ltd, Shiga, Japan).
Progenitor colony assays
Based on an established protocol, 52 aliquots of marrow cells collected immediately after the transduction culture were suspended at 500-1000 cells/ml in plating medium consisting of Iscove's modified Dulbecco's medium (IMDM), 30% defined FBS, 1% w/v bovine serum albumin (BSA; Sigma), l-glutamine, 10 −4 m ␤-mercaptoethanol (Sigma), antibiotics, and 0.9% methylcellulose (Fisher Scientific, Pittsburgh, PA, USA). Myeloid progenitors (colony-forming units, granulocyte/macrophage; CFU-GM) were induced by addition of 50 ng/ml SCF and 5% IL-3-conditioned medium (determined to induce optimal colony formation; data not shown). Selection was carried out with 0.8 mg/ml active G418, and mock-transduced controls were included to ensure full selection. For PCR analysis, colonies were lysed in 200 l proteinase K buffer (0.01 m Tris pH 7.4, 0.15 m NaCl, 0.01 m EDTA pH 8, 0.05% SDS) with 30 g proteinase K (Sigma) for 2 h at 56°C as described. 53 The sample was extracted once with 200 l phenol/chloroform/isoamyl alcohol (25:24:1) and precipitated with 2 g glycogen (Gibco BRL), 18 l 10 m NH 4 OAc, and 500 l EtOH. Following resuspension, the DNA was amplified with the Neo-specific primers 5′-CCCTCACTCCTTCTCTAGG-3′ and 5′-TTGTGCCC AGTCATAGCCGAA-3′, 49 for 50 cycles of 94°C 30 s, 55°C 60 s, and 72°C 90 s.
Molecular analysis of Pit2 expression
In order to assess expression of the amphotropic MLV receptor Pit2, 20 CD34-enriched marrow cells were lysed in 4 m guanidine thiocyanate and RNA was isolated by ultracentrifugation on a cesium chloride gradient as described.
54 Single-stranded cDNA was then prepared using the SuperScript preamplifition kit (Gibco BRL) following the manufacturer's directions, and aliquots amplified with the Pit2 specific primers 5′-TTCCAT TTCCTGCAGGTCCT-3′ and 5′-TCCTTCCCCATG GTCTGGAT-3′, 30 or as a control, the ␤-actin-specific primers 5′-GTGACGAGGCCCAGAGCAAGAG-3′ and 5′-AGGGGCCGGACTCATCGTACTC-3′. 31 Amplification was carried out for 25, 30, 35 and 40 cycles for Pit2 and 20, 25, 30 and 35 cycles for actin using the above parameters. Amplified products were separated by electrophoresis on a 2% Nusieve agarose gel (FMC BioProduct, Rockland, ME, USA) and stained with EtBr. Relative band intensities were determined by digital imaging (Fotodyne Foto/Eclips, Hartland, WI, USA) and analysis with ImageQuant software.
